ABSTRACT: Alterations in ATP metabolism have been proposed to be involved in the pathogenesis of cystinosis, the most common form of inherited Fanconi syndrome. A recent study showed normal activity of respiratory chain complexes I-IV with decreased ATP levels in cystinotic fibroblasts. Here, we show normal complex V expression and activity in mitochondria of cystinotic fibroblasts. This indicates that alterations in mitochondrial oxidative phosphorylation enzymes are not responsible for ATP decrease in cystinotic fibroblasts. T he autosomal recessive disorder cystinosis is caused by mutations in the CTNS gene (17p13.3), resulting in the defective lysosomal cystine transporter cystinosin (1). The consequential elevated cystine levels in the lysosomes lead to renal tubular dysfunction by mechanisms that are still elusive. Based on results of studies in cells loaded with cystine dimethyl ester, it was hypothesized that defects in mitochondrial ATP generating capacity are involved, resulting in decreased Na, K-ATPase activity (2,3). This ATP-driven proton pump generates a transmembrane Na ϩ gradient, required for tubular reabsorption of essential solutes such as amino acids, phosphate, and glucose in proximal tubules of the kidney. From this perspective, mitochondrial dysfunction is a possible cause of renal Fanconi syndrome in cystinosis (3). Recently our group extensively studied ATP metabolism in cystinotic fibroblasts and demonstrated slightly decreased intracellular ATP levels, but an intact Na, K-ATPase activity, hormone stimulated mitochondrial ATP production and normal activity of respiratory chain complexes I-IV (4). The activity of mitochondrial enzyme complex V, the ATP synthase complex of the oxidative phosphorylation system, could not be measured at the time of these studies, because lack of sensitivity of the assay. At present, we complete this study in cystinotic fibroblasts by measuring complex V activity using an enzymatic assay. In addition, we examined the expression and assembly status of complex V by Western blot analysis in a blue native gel.
T he autosomal recessive disorder cystinosis is caused by mutations in the CTNS gene (17p13.3), resulting in the defective lysosomal cystine transporter cystinosin (1) . The consequential elevated cystine levels in the lysosomes lead to renal tubular dysfunction by mechanisms that are still elusive. Based on results of studies in cells loaded with cystine dimethyl ester, it was hypothesized that defects in mitochondrial ATP generating capacity are involved, resulting in decreased Na, K-ATPase activity (2, 3) . This ATP-driven proton pump generates a transmembrane Na ϩ gradient, required for tubular reabsorption of essential solutes such as amino acids, phosphate, and glucose in proximal tubules of the kidney. From this perspective, mitochondrial dysfunction is a possible cause of renal Fanconi syndrome in cystinosis (3) . Recently our group extensively studied ATP metabolism in cystinotic fibroblasts and demonstrated slightly decreased intracellular ATP levels, but an intact Na, K-ATPase activity, hormone stimulated mitochondrial ATP production and normal activity of respiratory chain complexes I-IV (4). The activity of mitochondrial enzyme complex V, the ATP synthase complex of the oxidative phosphorylation system, could not be measured at the time of these studies, because lack of sensitivity of the assay. At present, we complete this study in cystinotic fibroblasts by measuring complex V activity using an enzymatic assay. In addition, we examined the expression and assembly status of complex V by Western blot analysis in a blue native gel.
MATERIALS AND METHODS
Fibroblast culture. Patient (n ϭ 8) and control (n ϭ 9) fibroblasts were obtained after informed consent and subsequently cultured as described previously (4) . The study was approved by the Institutional Review Board of Radboud University Medical Centre. All patients were diagnosed with cystinosis by measuring elevated cystine levels in isolated polymorphonuclear cells (Ͼ0.5 nmol cystine/mg protein) by high performance liquid chromatography (HPLC) and confirmed by molecular analysis. Previous data showed elevated levels of cystine in cystinotic fibroblasts compared with controls (4.3 Ϯ 1.1 versus 0.2 Ϯ 0.1 nmol/mg protein) and decreased ATP levels in cystinotic fibroblasts (mean 35.9 (Ϯ16.7) versus 51.7 (Ϯ4.5) nmol/mg protein) (4) . Approximately 10 ϫ 10 6 cells were harvested using trypsin and divided in two samples for protein expression analysis and enzyme activity assay, respectively.
Expression of complex V. A mitochondrial enriched fraction was prepared in phosphate-buffered saline (PBS) by incubating the cells for 10 min on ice in 2 mg/mL digitonin and subsequently centrifugation at 10000 ϫ g for 10 min at 4°C (5). Supernatant was discarded and pellet was washed with PBS. The pellet was resuspended in aminocaproic acid (1.5 M) in Bis-Tris buffer (75 mM, pH 7.0) supplemented with 2% lauryl maltoside to dissolve the mitochondrial inner membranes, followed by a second centrifugation step at 10000 ϫ g for 30 min at 4°C. An aliquot of the supernatant was used for protein determination using Protein Assay (Bio-Rad, Germany), followed by the addition of sample buffer containing Serva Blue G. Blue-native 5 to 15% gels were loaded with sample aliquots proportional to 20 g protein and after polyacrylamide gel electrophoresis (PAGE) transferred onto a nitrocellulose membrane using standard methods. Complex V was detected using antibodies against the alpha subunit of ATPase (Invitrogen) and visualized using ECL Western Blotting substrate (Pierce, Thermo Scientific) after incubation with secondary goat-anti-mouse antibodies with HRP conjugate (Dako, Denmark). Finally, complex II was detected as loading control using antibodies against the complex II 70 kD subunit (SDHA; Invitrogen).
Complex V enzyme activity. Mitochondrial fractions of control and cystinotic fibroblasts were prepared as described before (6) . Complex V activity was determined in presence and absence of specific inhibitor oligomycin (8 mg/mL) in mitochondrial fractions incubated with ATP (5 mM) as substrate (7) . Briefly, the ADP generated by complex V reacts with phosphoenolpyruvic acid (1 mM) to pyruvate in the presence of pyruvate kinase (1.5 U /mL). Pyruvate oxidizes with NADH (250 M) to lactate and NAD ϩ in the presence of lactate dehydrogenase (2.5 U/mL). This reaction was monitored spectrophotometrically at 340 nm for 8 min and used to determine complex V activity. Complex V activities were normalized to complex IV enzyme activity, which was measured as described previously and expressed in mU/mU complex IV activity (8) .
RESULTS
Blue native gel electrophoresis in combination with immuno blotting was used here to study the assembly and stability of the ATP generating complex V (5). Using native electrophoresis without reducing agents, complex V consisting of at least 16 subunits remains fully assembled. Western blot analysis of three control and four cystinotic mitochondrial enriched fractions showed similar complex V expression com-pared with complex II expression, indicating intact stability (Fig. 1A) . The equal size of complex V bands and the absence of a band representing unassembled F1-ATPase, indicate complete assembly of complex V (7).
To study whether the activity of complex V in cystinotic fibroblast was intact, we performed an enzymatic analysis in isolated mitochondria and normalized the values using complex IV activity, which were earlier found to be normal in cystinotic fibroblasts (4) . Enzymatic analysis of complex V was normal in all cystinotic fibroblast cell cultures (mean 0.82; SD 0.31 in control versus 0.65; SD 0.30 in cystinosis; p ϭ 0.45, Fig. 1B) . Additionally, we found no significant correlation between decreased ATP levels and complex V activity (data not shown).
DISCUSSION
The data presented here complete our previous study on ATP metabolism in cystinotic fibroblasts (4) . In addition to the decreased ATP levels and normal Na, K-ATPase activity we found recently normal activity of complex I-IV in isolated mitochondria of cystinotic patients compared with healthy controls. In the present study, the ATP generating enzyme complex V of the oxidative phosphorylation system was investigated. We used an enzymatic method to measure hydrolase activity of complex V, which is used in diagnosing complex V deficient patients (7) . Here, we found normal expression, intact assembly, and activity of complex V in cystinotic fibroblasts with elevated cystine levels compared with fibroblasts derived from healthy controls. Together with our previous data, the present study further indicates that mitochondrial ATP generating capacity in cystinotic fibroblasts is not altered. Consequentially, the decreased intracellular ATP levels in cystinotic fibroblasts are not caused by alterations in mitochondrial ATP production and require further explanation.
This raises the idea that ATP levels might be decreased by alterations in glycolysis, the main source for ATP production in cultured fibroblasts (9) . An increased ATP consumption in cystinotic cells is an alternative explanation. However, the determination of ATP usage in intact cells is not feasible at the moment, as far as we know.
Alternative mechanisms involved in the pathogenesis of cystinosis can interfere with intracellular ATP levels. Cystinotic cells present alterations in glutathione metabolism (10 -13) , which can result in enhanced oxidative cell damage. Furthermore, increased cysteinylation of proapoptotic protein kinase C␦, make cystinotic cells more sensitive for apoptotic stimuli (14) . An increase in mitochondrial and cytosolic reactive oxygen species decreased intracellular ATP and increased sensitivity to apoptosis may all cooperate in the pathogenesis of cystinosis in a complex mechanism. Moreover, we still miss the link between cystine accumulation within lysosomes and down-stream pathogenetic events. Further investigations in human cystinotic proximal tubular cells (15, 16) or in the ctns Ϫ/Ϫ mouse model (17) will generate new information in the next future.
It could be argued that measuring citric acid cycle intermediate lactate could be used to confirm mitochondrial alterations in patients with cystinosis. Although urinary excretion of lactate and hydroxybutirate is elevated in cystinotic patients, it remains questionable whether this can be attributed to mitochondrial dysfunction or reduced reabsorption due to altered proximal tubular function or due to both mechanisms (18) . Thirumurugan et al. showed in their study increased lactate/creatinine ratio in several children with Fanconi syndrome, including cystinotic patients. Interestingly, a transplanted cystinotic patient had lactate/creatinine ratio comparable to nonFanconi renal controls. In patients with mitochondrial disorders urinary lactate was elevated in some, but not in all patients (19) . This suggests that increased urinary lactate levels are not specific for identifying patients with mitochondrial disorders. Measuring ATP metabolism in patients with cystinosis by noninvasive magnetic resonance spectroscopy technique might answer the question whether ATP levels are decreased in vivo in cystinotic patients.
In conclusion, cystinotic fibroblasts with elevated cystine levels and decreased ATP levels have intact activity of all respiratory chain complexes (I-IV) and complex V. Whether decreased ATP levels are responsible for renal tubular dysfunction in cystinosis needs further investigation. 
